Anodic polarization behaviors of Pd-M (M ¼ Fe, Co, Ni) alloys in H 2 SO 4 solution are investigated for the preparation of nanoporous palladium by dealloying. For Pd 0:2 Co 0:8 alloy, the current monotonically increased with the increase in potential. However, anodic polarization curves for Pd 0:2 Fe 0:8 and Pd 0:2 Ni 0:8 alloys showed passive regions at high potentials, although the standard electrode potentials for Fe, Co, Ni are similar. As a result, nanoporous Pd was successfully fabricated via electrolysis under a constant potential (¼ þ0:5 V vs standard calomel electrode) only when the starting alloy was Pd-Co. Passivation, as well as standard electrode potentials, must be considered for the efficient production of nanoporous Pd. The preparation of nanoporous structure on the surface of bulk Pd was also demonstrated using alloying/ dealloying process involving Co electrodeposition, thermal alloying and subsequent dealloying.
Introduction
Nanoporous metals with an open-cell structure and nanosized ligaments can be fabricated by dealloying (or electrochemically etching) binary alloys. 1, 2) Recent research studies on dealloying mostly focus on nanoporous gold fabricated by dealloying Au-Ag alloy. [1] [2] [3] [4] [5] [6] [7] [8] The fabricated nanoporous Au offers interesting properties, such as the dependence of mechanical strength on ligament size, 3, 4) surface-enhanced Raman spectroscopic properties, 5) electrocatalytic properties, 6 ) piezoelectricity, 7) electrical resistance variation due to adsorbates 8) and so on. Other metals can also be made nanoporous through dealloying; for example, Pugh et al. 9) and Liu et al. 10) fabricated nanoporous platinum by dealloying Pt-Cu alloy. Hayes et al. 11) succeeded in fabrication of homogeneous nanoporous copper by dealloying Cu-Mn alloy.
Among others, nanoporous palladium is a promising material for catalytic application, 12) hydrogen sensing 13) and hydrogen storage, 14) offering a large surface area. Typical and conventional nanoporous Pd is Pd black, which is composed of coagulated Pd nanoparticles having several hundred nanometer diameters. Also, Masuda and Fukuda 15) fabricated nanoporous Pd using anodic aluminum oxide (AAO) as a template. Dealloying can create much smaller pores and ligaments (several nanometers in size) than those for Pd black and AAO-templated Pd. To the authors' knowledge, there have been only two papers that report nanoporous Pd fabrication by dealloying. Kabius et al. 16) investigated the dealloying behavior of Pd-Cu alloy utilizing transmission electron microscopy, but the study mainly focused on the low current region, which may not be favorable for efficient production of nanoporous Pd. Very recently, Yu et al. 17) successfully fabricated nanoporous Pd by dealloying multicomponent metallic glasses (Pd 0:3 Ni 0:5 P 0:2 ). However, the fabrication of nanoporous Pd by dealloying of a simple binary crystalline alloy has not been fully elucidated so far. In the present study, fabrication of nanoporous Pd by dealloying Pd-M (M is a sacrificial element which dissolves during the dealloying) alloy is examined using anodic polarization measurement.
Easy dissolution of a sacrificial element into electrolyte is desirable for fabrication of nanoporous metals. Therefore, the standard electrode potential of the sacrificial element needs to be sufficiently lower than that of Pd. Another important point is that bimetallic but single phase alloys are preferable as starting materials for the fabrication of final nanoporous metals of good quality. Undesirable second phases, which are often intermetallic compounds, probably cause heterogeneity in composition distribution in starting materials, which leads to heterogeneous porosity during dealloying. Taking these into account, sacrificial elements of iron, cobalt and nickel were selected in this study. As shown in Table 1 , the standard electrode potentials of these elements are much lower than that of palladium. 18) Furthermore, these elements form single solid solution phases when alloyed with Pd at high temperature, according to binary alloy phase diagrams. 19) Another topic of this paper is to demonstrate alloying/ dealloying process for surface modification of bulk Pd with nanoporous structure, offering high surface area. Nanoporous metals themselves are very often brittle probably because of their extraordinarily small ligament sizes; 3, 20) if the metallic nanoporous structure is built on the surface of bulk (or fullydense) metals with rigidity, the handling and designing of nanoporous metals will be easy and facilitated. Jia et al. 21) proposed the alloying/dealloying process involving Zn electrodeposition, thermal alloying and subsequent chemical dealloying for direct fabrication of nanoporous surfaces on bulk Au, Ag and Cu substrates. In this study, after the discussion of the proper sacrificial element for fabrication of nanoporous Pd, the surface of Pd wire is made nanoporous by the alloying/dealloying processes, aiming at sensor and electrocatalytic applications.
Experimental
The fabrication procedure of nanoporous Pd by dealloying is illustrated in Fig. 1 . Pure Pd wire (> 99:9%, purchased from Tanaka Kikinzoku Kogyo K. K.) and ingots of pure Fe, Co and Ni (> 99:9%, purchased from Kojundo Chemical Laboratory Co., Ltd.) were selected as starting materials. Pd 0:2 M 0:8 (M ¼ Fe, Co, Ni) alloy ingots were prepared by arc melting of proper amount of these starting materials under Ar atmosphere. In addition, Pd 0:15 Co 0:85 and Pd 0:1 Co 0:9 alloy ingots were also prepared by the arc melting. These alloy ingots were heated at 1173 K for 24 h under Ar atmosphere for homogenization and then water-quenched to avoid intermetallic formation at intermediate temperature. 19) After mechanical removal of surface oxides which formed on the water-quenching, the ingot surface was polished to mirrorlike finish with 1 mm diamond paste. The compositions of resulting alloys were measured by energy-dispersive X-ray spectroscopy and it was found that the compositions were successfully controlled within experimental and analysis errors (approximately 1-2 at%).
Anodic polarization measurement on these alloys was conducted in 0.1 mol/L H 2 SO 4 to clarify the dissolving behaviors of the sacrificial elements under electrochemical potential. A three-electrode electrochemical cell (500 ml) with a Pt plate electrode as a counter electrode, a saturated calomel electrode (SCE) as a reference electrode, and the alloy ingot as a working electrode was used. In this paper, the potentials are expressed on the basis of SCE unless otherwise stated. Ingot surface was sealed with Teflon film and an area of 3 Â 3 mm 2 of the ingot surface was exposed to the electrolyte. Ar gas was bubbled for deaeration in the electrolyte for at least 30 min before the measurement.
Starting from the open-circuit potential, the potential was positively scanned at a scan rate of 1 mV s À1 for all anodic polarization measurement.
For the dealloying of Pd 0:2 M 0:8 alloys, Pd 0:2 Co 0:8 and Pd 0:2 Fe 0:8 alloy ingots were rolled at room temperature to obtain thin sheets with 0.5 mm thickness, while a Pd 0:2 Ni 0:8 ingot was cut to a 0.5-mm-thickness sheet with a low-speed diamond saw because the Pd 0:2 Ni 0:8 ingot had lower workability and could not be rolled. The surface of the alloy sheets was polished with 1 mm diamond paste. Electrolysis at a constant potential of +0.5 V in 0.1 mol/L H 2 SO 4 was conducted for 42 h using the electrochemical cell described above. After 5-min-rinsing of the dealloyed samples in pure water (18.2 M cm) several times, samples were observed with a field-emission scanning electron microscope (FE-SEM, S-4300 by Hitachi High-Technologies Corp.). X-ray diffraction (XRD) analysis with X-ray diffraction equipment (RINT Ultima III by Rigaku Corp.) was performed on the samples for phase identification.
Alloying/dealloying process for nanoporous surface of Pd wire is schematically shown in 
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Co electrodeposition Thermal alloying Dealloying deposited Pd wire was heated at 1173 K for 12 h under Ar atmosphere for thermal alloying via diffusion. Finally, the thermally-alloyed samples were dealloyed in 0.1 mol/L H 2 SO 4 at +0.5 V for 12 h for nanoporous surface fabrication.
The surface was observed with the FE-SEM. Cyclic voltammetry (CV) was conducted on bare and alloyed-anddealloyed Pd wires in 0.1 mol/L H 2 SO 4 at a scan rate of 100 mV s À1 . The surface areas of Pd wires were compared on the basis of the charge associated with the adsorbed oxygen reduction. 22) All electrochemical operation was done using a potentiostat (HZ-3000 by Hokuto Denko Corp.). Figure 3 shows the current/potential behavior of Pd 0:2 Fe 0:8 , Pd 0:2 Co 0:8 and Pd 0:2 Ni 0:8 alloy ingots in deaerated 0.1 mol/L H 2 SO 4 solution. The current density j (mA cm À2 ) shown in the vertical axis is calculated using apparent exposed area (3 Â 3 mm 2 ), although the true surface area may increase due to nanoporosity evolution during dealloying. For Pd 0:2 Co 0:8 alloy, the current monotonically increased with the potential increase. However, anodic polarization curves for Pd 0:2 Fe 0:8 and Pd 0:2 Ni 0:8 alloys showed distinct passive regions at potentials higher than +0.6 V. The current density of Pd 0:2 Fe 0:8 initially increased at À0:1 V, became maximum at +0.28 V, then rapidly decreased and finally became constant below 20 mA cm À2 at potentials higher than +0.45 V. Pd 0:2 Ni 0:8 alloy showed much lower current; very small current was detected from +0.4 to +0.6 V, although the current at > þ0:6 V was negligible.
Results and Discussion

Effect of sacrificial element
The compositional effect on the current/potential behavior of Pd-Co alloy ingots in 0.1 mol/L H 2 SO 4 solution is shown in Fig. 4 . For all the Pd-Co alloys tested, the current density monotonically increased with the potential increase. Dealloying critical potentials, which can be determined as the potential corresponding to a current density of 1 mA cm À2 , 23) were +0.17, +0.04 and +0.00 V for Pd 0:2 Co 0:8 , Pd 0:15 Co 0:85 and Pd 0:1 Co 0:9 alloys, respectively. The dealloying critical potential decreased with increasing the content of less noble element (Co). This trend is reasonable and agrees with the dealloying behavior of Au-Ag alloys. 23) Therefore, it is suggested that Pd-Co alloy is suitable for nanoporous Pd fabrication.
The electrolysis at a constant potential of +0.5 V was conducted in 0.1 mol/L H 2 SO 4 using Pd 0:2 M 0:8 (M ¼ Fe, Co, Ni) alloy sheet as a working electrode. When Pd 0:2 Co 0:8 alloy sheet was used, current density higher than 200 mA cm À2 was detected at the initial stage of electrolysis. The solution turned dilute red soon after the potential applied. These results suggest the enormous Co dissolution into the H 2 SO 4 solution. After the 42-hour electrolysis, current was negligibly detected, suggesting complete removal of Co. As a result, nanoporous structure with ligament and pore sizes of 15-20 nm was left, as shown in a FE-SEM image in Fig. 5 . The XRD pattern of the dealloyed sample indicated that the pure Pd is left behind after the dealloying, although some crystal face orientation due to prior rolling was detected (Fig. 6 ). The dealloyed sample was brittle, which is common in nanoporous metals fabricated by dealloying. showed negligible current during the 42-hour electrolysis. FE-SEM observations (not shown) of the Pd 0:2 Fe 0:8 and Pd 0:2 Ni 0:8 working electrodes after 42-hour electrolysis revealed that no nanoporous structure was obtained.
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The above results clearly demonstrate that, among the three sacrificial elements tested here, Co is desirable for facile production of nanoporous Pd by dealloying in H 2 SO 4 solution. As shown in Table 1 , the standard electrode potentials of these three elements are similar; however, Fe and Ni alloyed with Pd hardly dissolve even if a high electrochemical potential is applied. It is well known that pure Fe 24) and Ni 25) show passivity which is similar to the present Pd 0:2 Fe 0:8 and Pd 0:2 Ni 0:8 alloys. Detailed passivation mechanism is not clear at this stage because the passive film is not analyzed: either oxide film formation or surface enrichment of palladium seems responsible for the passivity. On the other hand, pure Co actively dissolves into H 2 SO 4 solution without passivation. 26) In the similar manner, Co seems to dissolve from Pd-Co alloy without passivation, leaving nanoporous structure in remaining Pd. Thus, passivity in an electrolyte, as well as standard electrode potentials, of the sacrificial element must be considered on selecting starting materials for nanoporous metals.
3.2 Alloying/dealloying for Pd surface modification with nanoporous structure In the alloying/dealloying process for nanoporous Pd fabrication (Fig. 2) , Co electrodeposition was adopted, considering the above discussion on the proper sacrificial element for facile nanoporous Pd fabrication. Figure 7 shows the surface FE-SEM images of bare and alloyed-and-dealloyed Pd wires. Bare Pd wire had smooth and featureless surfaces as shown in Fig. 7(a) . After the alloying/dealloying process, nanoporous structure with a typical length scale of approximately 20 nm was observed (Fig. 7(b) ).
CV curves measured in 0.1 mol/L H 2 SO 4 solution for bare and alloyed-and-dealloyed Pd wire are shown in Fig. 8 . Apparent exposed areas of these wires were 32 mm 2 . It can be seen that the current magnitude for alloyed-and-dealloyed Pd wire is much higher than that for bare Pd wire. The enhancement of current magnitude is attributed to the nanoporous surface induced by the alloying/dealloying process.
The increase in true surface area can be estimated using the charge associated with the reduction of adsorbed oxygen by the following equation: 22) A nanoporous =A bare ¼ Q OC,nanoporous =Q OC,bare ð1Þ
where A is the surface areas of Pd wire, Q OC is the charge associated with the reduction of adsorbed oxygen. Subscript ''nanoporous'' and ''bare'' mean that the variables are for the alloyed-and-dealloyed Pd wire with nanoporous surface and for the bare Pd wire, respectively. Q OC can be calculated using the cathodic peak between +0.2 and +0.5 V after correction for double layer charging. Calculated A nanoporous =A bare is approximately 300; that is, the true surface area of alloyed-and-dealloyed Pd wire is 300 times larger than that of bare Pd wire. Liu et al. 10) reported that the roughness factor, which corresponds to A nanoporous =A bare , is 400-700 for nanoporous Pt fabricated by co-electrodeposition of Pt-Cu alloy and subsequent dealloying. The lower value of A nanoporous =A bare in the present nanoporous Pd surface may be attributed to larger pore and ligament sizes (¼ 20 nm) of fabricated nanoporous Pd than those of nanoporous Pt (< 4 nm). 9) Uncertainty in surface area estimation using adsorbed oxygen reduction, which is due to possible undefined stoichiometry in oxide film, is another reason for the difference. 22) Nevertheless, alloying/dealloying process can enlarge the surface area of Pd by a factor of hundreds, offering nanoporous structure on bulk Pd surface. Alloying/dealloying process, which involves Co electrodeposition, thermal alloying, and subsequent dealloying in H 2 SO 4 solution, successfully offered nanoporous surface on Pd wire. The process can increase true surface area of Pd substrate by a factor of hundreds and may be applied as a surface modification technique. 
Conclusions
